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Sunday, February 26, 2012 107aarchitecture of Cx26. Results obtained from our simulations show that the stud-
ied mutations modify the position of the constriction zone in the hemmi-chanel,
change the diameter of the pore and produce rearragements on the electrostatic
potential inside the channel. These changes are related to an increase on the free-
dom of movement of the N-terminal helix and trans-membrane helix 1 (TM1) of
each sub-unit. These results provide relevant clues and insights about the effect
of these mutations over the hemi-channel perm-selectivity and conductance.
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Millenium Institute Centro Interdisciplinario de Neurociencias de Valparaı´so
(CINV), Anillo Cientifico ACT71 and the National Laboratory of High Perfor-
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Pore Width of Disease-Causing Connexin26 Containing Channels
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Many pointmutations of the gap junction protein connexin26 (Cx26) cause non-
syndromic or syndromic deafness. Some of these mutants form functional chan-
nels (Cx26deaf). Most Cx26 in the cochlea exists in heteromeric channels along
with connexin30 (Cx30). Using a liposome-based assay of channel activity, we
explored (a) the permeability of homomeric hemichannels composed of
a Cx26deaf alone and of heteromeric hemichannels composed of both Cx26deaf
and wild-type Cx30 (Cx26deaf/Cx30) to sucrose, raffinose, iohexol (Nyco-
denzTM) and diatrizoate (HypaqueTM), and (b) concentration dependence of
block of the permeability pathway by alpha-cyclodextrin [1-3]. These studies as-
sess the permeability properties of open channels, and do not report differences
in channel gating. None of the channels were permeable to diatrizoate, which is
smaller than iohexol but negatively charged; all other compounds are uncharged.
Consistent with earlier work, the pores of heteromeric Cx26/Cx30 channels (and
most Cx26deaf/Cx30 channels) were more restrictive than either homomeric
counterpart, a property shown to correlate with selectivity among signalingmol-
ecules [1-5]. In heteromeric channels, the data suggest that Cx26deaf mutations
G12R and V95M dramatically narrow the pore relative to Cx26/Cx30, and
T8M, V84L and N206S widen it to increasing degrees. G12R, V84L and
N206S homomeric channels were less restrictive than homomeric Cx26 chan-
nels. T8 and G12 have high probability of being pore lining [6-7]. The other mu-
tation sites are not positioned to directly interact with permeants, so likely exert
their effects by other mechanisms. Support: R01NS056509 & R21DC07470.
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Based on the crystal structure of Cx26 gap junction channel, we generated ho-
mology models of Cx26/Cx32 heterotypic channels and examined docking
compatibility of wildtype and mutant Cx26/Cx32 hemichannel pairs. Accord-
ing to the model, 60 hydrogen bonds (HBs) were indentified between a pair
of Cx32/Cx26 hemichannels. The HB-forming residues between E2 domains
are completely conserved in a group of heterotypically compatible connexins.
Asparagine175 in E2 domain of Cx32 was a pivotal residue forming 3 HBs with
K168, T177 and D179 of inter-docked Cx26. Cx32 mutations, N175Y or
N175H, destroy 3/3 or 2/3 HBs, respectively, at the E2-E2 docking interface.
Our models predict that the Cx32 N175Y and N175H hemichannels are un-
likely to dock with Cx26 hemichannels properly due to steric hindrance and/
or electrostatic repulsion, resulting in loss of HBs at the docking interface.
Experimentally, we tagged RFP and GFP to the carboxyl terminals of wild-type
andmutantCx26,Cx32 respectively.Cx32N175Y/H-GFPs showed impaired traf-
ficking to cell-cell interfaces. Double patch-clamp analyses demonstrated that
these Cx32 mutants did not form functional homotypic channels with themselves
indicating docking defects. When Cx32-GFP expressing cells were co-cultured
with Cx26-RFP expressing cells, these two wild-type connexins were frequently
co-localized at the cell-cell interfaces and formed functional Cx32/Cx26 hetero-
typic channels with asymmetrical voltage gating profile. No co-localization was
found at the cell-cell interfaces between Cx26 and Cx32 N175Y or N175H ex-
pressing cells; also no functional N175Y/Cx26 and N175H/Cx26 heterotypic
channels were recorded. Interestingly, when a Cx26 mutant K168V was pairedwith Cx32 N175H, heterotypic docking was restored as evidenced by co-
localization at cell-cell junctions and asymmetrical electrical coupling.
Our results demonstrate that HBs and spatial compatibility surrounding N175
of Cx32 are key factors for heterotypic docking between Cx32 and Cx26
hemichannels.
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Recently, the crystal structure of a gap junction channel composed of con-
nexin26 was published (Maeda et al., Nature 2009). Given the complexity of
a channel that spans two lipid bilayers and is gated by voltage, calcium, and pro-
tons, we sought to confirm the validity of the structure using site-directed muta-
genesis. Tryptophan-scanning is a preferred method for assessing helix-helix
interactions in membrane-spanning proteins and an extensive tryptophan-scan
was carried out to identify sites of transmembrane domain interaction in gap
junctions composed of connexin32. The sequence of amino acids within the
transmembrane domains of connexin32 and connexin26 is very similar, about
98% of amino acids display conservation of function.We substituted tryptophan
for fifteen sequential amino acids in each of the four transmembrane domains. A
number of sites within each domain were sensitive to tryptophan insertion, and
there was a high correlation between sensitive sites and those located at helical
interfaces in the crystal structure. There was also a close correlation between
sites that were insensitive to tryptophan insertion and those facing aqueous or
lipid environments in the crystal structure. Our results suggest that the crystal
structure represents a valid functional conformation of a gap junction channel
and lays the groundwork for future studies of the role of transmembrane domain
interactions in gap junction channels.
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Jun-Jie Tong, Bonnie C.H. Sohn, Anh Lam, D. Eric Walters,
Barbara M. Vertel, Lisa Ebihara.
Rosalind Franklin University, North Chicago, IL, USA.
Mutations in Connexin 46 have been associated with congenital cataract. The
purpose of this project was to characterize the cellular and functional properties
of two congenital cataract associatedmutations located in theN-terminus of con-
nexin46 (Cx46),Cx46D3YandCx46L11S.Wild type (wt)Cx46,Cx46D3Y, and
Cx46L11S showed similar localization to gap junction plaques in transfected
HeLa cells. Dual two-microelectrode-voltage-clamp studies of Xenopus oocyte
pairs injected with wild-type or mutant rat Cx46 showed that oocyte pairs in-
jected with Cx46D3Y or Cx46L11S cRNA failed to induce gap junctional cou-
pling whereas oocyte pairs injected with wt Cx46 showed high levels of
coupling. To determine if co-expression of Cx46D3Y or Cx46L11S affected
the junctional conductance produced by wt lens connexins, we studied pairs of
oocytes co-injected with equal amounts of mutant and wt Cx46 or wt Cx50
cRNA. Expression of Cx46D3Y or Cx46L11S decreased the junctional conduc-
tance induced bywtCx46 by 90.2%and 98.7%, respectively. In contrast, expres-
sion of Cx46D3Y or Cx46L11S failed to inhibit the junctional conductance
induced bywtCx50.To examine the effects of theCx46D3YandCx46L11Smu-
tations on hemichannel activity, hemichannel currents were measured in con-
nexin cRNA-injected oocytes. Cx46D3Y induced much lower levels of
hemichannel currents thanwtCx46.Cx46L11S showedno detectable hemichan-
nel currents. We are currently investigating the mechanisms responsible for the
differences in functional interactions between Cx46D3Y,wt Cx46 and wt Cx50.
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Gap junctions (GJ) are intercellular channels that connecting the cytoplasm of two
cells.GJ channel conductance (Gj) is regulated by transjunctional voltage (Vj-gat-
ing), which is the voltage difference between the interiors of the cell pair. Previ-
ously, to elucidate the molecular mechanisms underlying the Cx50 GJ channel
Vj-gating, domain swapping (e.g. replacing the amino-terminus of Cx50 by that
of Cx36, named Cx50-Cx36N) and site-directed mutagenesis (e.g. Cx50N9R),
along with dual whole-cell voltage-clamp experiments were carried out in neuro-
blastoma cells (N2A) (Xin et al., 2010). Here we performed studies on cell pairs
forming heterotypicGJ channels betweenCx50 andCx50 chimera/mutant atmac-
roscopic, as well as single channel level. Cx50/Cx50Cx36N heterotypic channels
108a Sunday, February 26, 2012showed asymmetricalVj-gating properties with respect toVj = 0. Themacroscopic
Gj showed substantial reduction (by 82%atVj = 100mV)whendepolarizingCx50-
expressing cell, whereas a moderate reduction (by 61% at Vj = 100mV) when
hyperpolarizing Cx50-expressing cell. This observation is in agreement with pre-
vious finding that Cx50 hemichannel gates when the cell is depolarized. Single
Cx50/Cx50Cx36N heterotypic channel displayed a main conductance of
~120pS at low Vj pulses (5 20mV), but the conductance rectified with increasing
Vj pulses. Cx50/Cx50N9RheterotypicGJ channel also exhibited asymmetricalVj-
gating properties at macroscopic level, and single channel recordings indicated
a main conductance of ~150pS at Vj = 20mV. These results demonstrate that the
Vj-gating properties and unitary conductance of Cx50 hemichannels were evi-
dently modified when docking with Cx50-Cx36N or Cx50N9R mutants. These
novel properties of heterotypic channels provide insights into the Vj-gating mech-
anisms of Cx50 GJ channels.
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A Human Disease Mutation (D50N) Reveals Insights on the Mechanisms
for Ca2D Regulation in Human Connexin26 (hCX26) Hemichannels
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Connexin hemichannels allow the release of small metabolites, such as ATP and
glutamate, which play important roles in autocrine/paracrine signaling in a vari-
ety of cell types. Exacerbated hemichannel opening, however, leads to loss of
electrochemical gradients and metabolites, causing cell death. Control of hemi-
channel opening is indispensable, and is achieved by physiological extracellular
Ca2þ, which drastically reduces hemichannel activity.Here, we explore themo-
lecular mechanism of Ca2þ regulation in hCx26 hemichannels. We found that
outward and tail currents are greatly increased with reduction of external
Ca2þ. The data show that deactivation kinetics are accelerated as a function
of Ca2þ concentration suggesting that Ca2þ facilitates closing of the channels.
In addition, we found that an Asp to Asn mutation at position 50 (D50N) - a hu-
man mutation that causes disease - has lower apparent affinity for Ca2þ com-
pared with wild-type. Strikingly, unlike wild-type channels, the deactivation
kinetics of D50N channels were unaffected by changes in Ca2þ. To explore
the role of Ca2þ interactions with a negatively charged residue at position 50,
we substituted this position by a cysteine residue (D50C) and performed chem-
ical modification with positively or negatively charged methanethiosulfonate
(MTS) reagents. The D50C mutant hemichannels display similar properties to
those of D50N mutants. Chemical modification of D50C with a negatively
charged reagent, MTSES, causes the channels to largely return to wild-type sen-
sitivity to Ca2þ. Conversely, positively chargedMTS reagents have no effect. In
the crystal structure of hCx26 channels, position D50 faces the pore lumen and
forms an inter-subunit salt bridge interaction with positionK61. Because this in-
teraction appears to take place in open conformation, we propose that Ca2þ fa-
cilitates the closing of hCx26 hemichannels by disrupting this salt bridge.
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Gap junction, allowing the intercellular transmission of molecules through its
specialized cell membrane channels, plays a major role in intercellular calcium
signaling between adjacent cells. Connexin43 (Cx43), the most ubiquitous con-
nexin, belongs to a family of gap junction proteins expressed in heart where are
essential for normal heart development. Calmodulin (CaM) has been impli-
cated in mediating the Ca2þ-dependent regulation of gap junctions. We have
reported CaM binding site in the second half of intracellular loop of Cx43.
In this study, two additional CaM binding regions in cytosol loop and C-termini
of Cx43 have been identified by biophysical studies. Our results indicate that in
the presence of Ca2þ, synthesized Cx peptide fragments encompassing pre-
dicted CaM binding regions are able to bind with high affinity to CaM using
NMR spectroscopy. Our results elucidate the molecular level of regulation of
Cx43 by multiple CaM targeting regions and provide insight into molecular ba-
sis of gap junction gating mechanism.
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Increased myofilament Ca2þ sensitivity, a common finding in hypertrophic car-
diomyopathy (HCM), is associated with an increased susceptibility for arrhyth-
mias. In hearts expressing a Ca sensitizing troponin T (I79N) HCM mutation
reentry-type arrhythmias are induced by fast pacing of isolated perfused hearts.Fast pacing also triggers arrhythmias in control hearts pre-treated with the Ca2þ
sensitizer EMD57033. Regional conduction velocity (CV) slowing may con-
tribute to formation of the arrhythmogenic substrate, but the underlying mech-
anism has not been elucidated.
Hypothesis: We hypothesized that a change in intercellular coupling via gap
junctions (GJ) is responsible.
Methods: We analyzed connexin 43 (Cx43) byWestern blot in total and soluble
heart tissue fractions (three phosphoisoforms could be separated: P0,P1,P2),
and via confocal imaging of immunostained frozen heart sections.
Results: Under baseline conditions, no differencewas detectable inCx43 expres-
sion level, soluble/insoluble ratio and isoform distribution in all assays (all
nR7). However, after hearts were rapidly paced (12-18Hz for 16min), Cx43 ex-
pression was lower in I79N compared to control (64.85 6.6%, nR 7, p¼ 0.03)
and the P0/P2 ratio increased (p ¼ 0.01). Strikingly, immunostaining revealed
areas with high accumulation of Cx43-P0 isoform (clusters) in I79N as well as
EMD-treated hearts,while therewas lowhomogeneousCx43-P0 staining in con-
trols. GJs are metabolically sensitive, so we next investigated AMP-kinase acti-
vation via phosphorylation at T172. Phosphorylation level was increased after
pacing in I79N (to 225547% of control). The activated kinase accumulated in
the same regions where Cx43-P0 staining was observed.
Conclusion:We conclude that during rapid pacing some regions become energy
depleted, as evidenced by AMP-kinase activation. This triggers Cx43-P0 accu-
mulation in the same regions and may contribute to the regional slowing of CV
and thus formation of the arrhythmogenic substrate in Ca sensitized hearts.
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Increasedmyofilament Ca sensitivity, a commonfinding in hypertrophic cardiomy-
opathy (HCM), is associatedwith an increasedsusceptibility for arrhythmias. In iso-
lated hearts expressing a Ca sensitizing troponin T (I79N) HCM mutation fast
pacing induces reentry-type tachycardia (VT) in 60% of the hearts. We hypothe-
sized that reducing myofilament Ca sensitivity will decrease arrhythmia incidence.
Methods: We generated knock-in mice with a TnT-R141W (HET) mutation,
which is associated with dilated cardiomyopathy and reduced myofilament
Ca sensitivity, and crossed them with I79N mice (CROSS). We determined
heart weight-to-body weight ratio (HW/BW), cell diameter and fibrosis content
and we monitored arrhythmia incidence in isolated hearts.
Results: The HW/BW ratio was 6.651.1 in the WT, with 5.650.9 lower in the
I79N, with 7.651.0 higher in the HET and similar to I79N in the CROSS
(5.851.0). In the CROSS cell diameter
was smaller than in the HET and fibrosis
content attenuated compared to I79N. Im-
portantly, VT incidence in the CROSS was
similar to control (23.5% vs 11.1% inWT).
Conclusions: Correcting myofilament Ca
sensitivity reduces arrhythmia incidence
of I79N mice and attenuates pathological
remodeling observed in mice expressing
each mutation alone.546-Pos Board B332
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The dynamic clamp is a method whereby an arbitrary current, a function of time
and membrane potential, is applied to a preparation to create hybrid circuits of
real and virtual cells.
We tested the ability to add electronically two membrane currents, the inward recti-
fier current (IK1) and the pacemaker current (If), which contribute to myocyte
pacemaker activity. Injection of computer-simulated If in addition to IK1 under
current-clamp conditions into an isolated canine ventricle myocyte and/or HEK293
cell stably expressing SCN5a initiated pacing activity. The pacing rate and action-
potential (AP) duration were modified by changing If and IK1 amplitudes.
We also examinedwhether coupling of a source cell with If and IK1 to another cell
creates a two-cell pacing unit. HEK293 cells were co-cultured either with
HEK293/SCN5acells or acutely isolatedadult canineventricularmyocytes. Inject-
ing Ifand IK1currents intoonecellofapair generatedsustainedpacing inacoupled
ventricular myocyte or HEK293/SCN5a cell once a critical level of electrical
cell-cell coupling between the IfþIK1 source cell and the neighboring cell was
